Introduction
Investigation of the local scour around hydraulic structures is of significant meaning in engineering practices. An excessive scour hole has a potential to undermine the foundation, which may lead to failures and disasters in a river training project. On the other hand, the wide spectrum of turbulences and sediment related problems induced by the local scour strongly correlate with the environmentally oriented communities, which is a great consideration in the campaign of the river restoration. There are many varieties of local scour systems due to different geometries and flow patterns. But in essence, local scour phenomenon is caused by the imbalance in sediment transport due to the local obstruction.
Most of the previous researches on the local scour around hydraulic structures are concerned with prediction of the equilibrium or design scour depth 1) , 2). For example, Melville (1997) summarized many of the results from an extensive program of bridge scour research undertaken at the University of Auckland, New Zealand. An integrated approach for determination of design scour hole depth at bridge foundations was then proposed in terms of empirical enveloping curves accounting for the pertinent variables such as flow depth and intensity, sediment characteristics, approach channel geometry, foundation type, shape, size and alignment 3). Temporal variation of the local scour holes rapidly received an attention in the past decade. A brief summary has been made by Coleman et al. (2003) 4) . very recently, Dey and Barbhuiya (2005) constructed a semi-empirical model to calculate the change of the scour depth with time based on the concept of sediment conservativeness, considering the primary vortex system as the main agent of scour and assuming a layer-by-layer scouring process 5). These efforts are very important and necessary but far from enough because they involve strong empiricism and introduce many uncertainties. Moreover, the unknown of the geometry of the scour holes and information on the interaction between the flow and sediment transport is also a limitation. A further insight into the local scour around hydraulic structures requires more advanced models in 2D or 3D. Since the local flow in the vicinity of the scour holes exhibits obvious 3D characteristics, a 2D model is not attractive if the details need to be resolved. Instead, a 3D model is promising and becomes more and more popular nowadays. A brief summary of some recent studies on 3D modeling of local scour is given here. Ushijima et al. (1992) proposed a method to estimate the local scour due to the cooling water jets discharged from power From the viewpoint of computational conveniences, the mesh system is allowed to move only in the vertical direction for the time being. This makes it possible to use some simple approach to evaluate the volume fluxes and that the space conservation law Eq. (4) is automatically guaranteed at the same time. In this paper, the velocity of the movement of a CV face is determined from the difference in the mesh locations at two consecutive time steps (see Fig. 1 for the movement of a prismatic mesh), i.e. Before submitted to the solver, the relaxation method proposed by Patankar (1980) is implemented to increase the diagonal dominance of the coefficient matrix 23).
Scour simulation
In the absence of suspended load, the bed variation is due to the movement of bed load transport in a thin layer near the riverbed. where i, j and k = the unit vectors in x, y and z direction, respectively,fx,, fy), and fz= the direction cosines of the fluid force F which can be directly obtained from the turbulence model. In the analysis of sediment transport, the hydrodynamic force is usually divided into a lift force and a drag force. For reasons of simplicity, the ratio of the lift force to the submerged particle weight is assumed to be relatively small 17 The effect of the bed slope on the effective shear stress may be observed in Eq. (14) . One can find that a part of the sediment gravity contributes to the effective shear stress. This contribution should be taken into account in the Ashida-Michiue formula. As is known that the direction of the sediment movement does not coincide with the flow direction on a sloping bed. A reasonable treatment is to assume that the sediment movement follows the direction of the resulted driving force. Then the sediment transport direction is explicitly obtained from Eq. (14).
Solution procedure
The calculation sequences for the flow and bed evolution may be summarized as follows.
Starting from an initial riverbed geometry, all variables are assigned initial values at t=t0. Time is advanced and calculation starts.
(1) Solve the momentum equations for each velocity component, in which the other velocity components, the pressure, the eddy viscosity, the turbulence kinetic energy and its dissipation rate are treated as known (initial values or values at the previous time step).
(2) The resulted velocity field is used to calculate the mass fluxes through CV faces. Solve the pressure correction equation and improve the velocity field.
(3) Solve the transport equations for the turbulence kinetic energy and its dissipation rate, respectively. Update the eddy viscosity.
(4) Repeat the above procedures until the residual level becomes sufficiently small or the prescribed maximum iteration step number is reached.
(5) Use the flow field and the Ashida-Michiue formula to evaluate the sediment transport rate.
(6) Solve the sediment continuity equation to get the bed variation and the bed geometry. Check the bed slopes and adjust the bed elevation until the angles of all the local beds are not greater than the angle of sediment repose 27).
(7) Generate a new mesh according to the bed geometry. Time is then forward.
(8) Check the maximum bed variation (a) If the maximum bed change is larger than a prescribed value (e.g. 8% of the initial water depth is used in this paper), return to (1) and repeat the preceding calculation. (b) If the maximum bed change is relatively small, the flow field is assumed to be unchanged, only the sediment routine starting from step (5) is repeated.
(c) If the maximum bed change is very small (for example, less than 10-4 cm/s), an equilibrium condition may be assumed.
(9) Stop the computation if the equilibrium condition is reached or a specified time is covered.
Application
The turbulence model and the proposed unstructured mesh method have been verified to be capable of predicting some selected flow phenomena under fixed bed conditions with reasonable accuracy 21). In this paper, emphasis is put on the movable bed conditions.
Local scour due to a series of embayments
The local scouring around embayment is one of the most commonly encountered hydraulic phenomena. A series of experiments have been carried out by Muto et al. (2003) in a straight compound flume with a slope of 1/700 28). One of the non-submerged cases is selected in this verification. The hydraulic condition for the experiment is shown in Table 1 . Table 1 Hydraulic condition for the experiment Ten successive embayments are formed by equipping 9 spur dykes in the flood plain area (see Fig. 3 ). The initial riverbed is covered by 10cm-thick artificial sands with a mean diameter of d=1.34mm. And the density of the sediment particles is 2.24g/cm3. The riverbed is observed to reach an equilibrium state after a continuous running of 24 hours. The final bed variation around the first two embayments and the last two embayments at the equilibrium condition is depicted in Fig. 4 and Fig. 5 , respectively. The result is encouraging. Local scour holes occur at the toes of all the spur dykes. This can be found in both experimental measurements and computational results (Fig.4 and Fig.5) . Moreover, the geometries of the scour holes are generally similar. The deepest scour holes take place in the vicinities of the first and the second spur dykes. According to the measurement data, the values are 3.69cm and 4.37cm, respectively. In the From the third to the final spur dyke, the maximum depth of the scour hole is much smaller compared with the first two, which may be easily observed in Fig. 5 . This also provides a possible way to save money for the toe protection in engineering practices. normalized by the maximum scour depth Hmax at at the corresponding section. One may find that the numerical result is in good agreement with that of the experimental data. Finally, the comparison of the velocity vectors (u v) at z=2.3cm from the datum level is shown in Fig. 7 . The experimental data is obtained with electromagnetic velocity meters after the final bed was fixed with cements (100 samples at a frequency of 10Hz for each point). Only the first three embayments are shown due to the fact that the flow around the remaining embayments is quite similar to the third one. The details of the flow field have been reasonably captured although the mesh adopted here is relatively coarse. For instance, the large eddy in each embayment is evidently observed. Nevertheless, the magnitude of the velocity in the junction zone seems to be under-estimated. This may also give an explanation why the predicted bed variation in the junction zone (Fig. 4 and Fig. 5 ) is simpler than that plotted from the experimental data .
Local scour around a submerged spur dyke
Hydraulic structures such as spur dykes usually suffer from overtopping flow during the flood season, which is of great interests in engineering practices. Ishigaki and Baba (2004) investigated the local scour induced by the flow around both non-submerged and submerged spur dykes experimentally 29). Two kinds of spur dyke were tested in the experiments: an attracting type and a deflecting type. The spur dyke model was set on one side of the channel. The channel was 10m long, 1.0m wide and 0.3m deep, which was equipped with a discharge control system. A 1.8m long movable bed was located in the middle part of the channel. It was filled with 0.2m-thick sand with the mean diameter of 0.26mm. The experiment setup and hydraulic conditions for one of the submerged deflecting spur dyke are shown in Fig. 8 and Table 2 , respectively . The shape and the size of the spur dyke are also depicted in Fig . 8 . Fig. 9 .
In the computation, a logarithmic velocity profile in the vertical direction is assumed at the inlet boundary. The turbulent quantifies k and ƒÃ are specified corresponding to a viscosity ratio of 10.0 and taking the turbulence intensity 8%.
A bird's view of the 3D mesh over the flume Mesh on the surface of the bed and the spur dyke (i.e. 1 cm over the top of the spur dyke). In the experiment, the velocity was measured with an L-shape electromagnetic velocimeter after the bed was fixed with cement powder (500 samples at a frequency of 10Hz for each point). It is noted that the computed velocity vectors have been interpolated to the points measured in the experiment (see Fig. 11 ). In the whole The flow over the spur dyke is accelerated near the head. There is a downward flow after the flow passes the top of the spur dyke. The same phenomenon has been predicted by the calculation (Fig. 11, bottom) . But the predicted longitudinal velocity is a bit smaller than the measurement. As the flow structure and the bed configuration are closely interacted with each other. It is very difficult to analyze quantitatively the accuracy of them separately. If one can have a compare with Fig.  10 and Fig. 11 at the same time, one may find more confidence in the prediction capability of the current model. The computed velocity vectors (u, v) in a horizontal plane is plotted in Fig. 12 . Due to the shortage of data, the comparison with experimental result is not fulfilled in this paper. This also demonstrates that numerical model provides an effective way to understand the details of the local scour phenomena and some of which may be very difficult to resolve if not impossible with experimental methods. For example, the Ashida-Michiue formula, as well as many other bed load transport formulae, was originally concluded in 1D space from such flows that the longitudinal velocity was predominant However, in the proximity of the scour holes, the flow showed obvious 3D characteristics. The magnitude of the three velocity components was generally comparable. As a result, the use of the conventional formulae might lead to questionable simulation. This should be paid much attention in a fully 3D model.
